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Summary
Parkinson’s disease (PD) is a common neurodegener-
ative disorder that displays both sporadic and inher-
ited forms [1]. Exposure to several common environ-
mental toxins acting through oxidative stress has
been shown to be associated with PD [2]. One re-
cently identified inherited PD gene, DJ-1, may have a
role in protection from oxidative stress [3–10], thus
potentially linking a genetic cause with critical envi-
ronmental risk factors. To develop an animal model
that would allow integrative study of genetic and envi-
ronmental influences, we have generated Drosophila
lacking DJ-1 function. Fly DJ-1 homologs exhibit dif-
ferential expression: DJ-1 is ubiquitous, while DJ-1
is predominantly expressed in the male germline.
DJ-1a and DJ-1b double knockout flies are viable, fer-
tile, and have a normal lifespan; however, they dis-
play a striking selective sensitivity to those environ-
mental agents, including paraquat and rotenone,
linked to PD in humans. This sensitivity results pri-
marily from loss of DJ-1 protein, which also be-
comes modified upon oxidative stress. These studies
demonstrate that fly DJ-1 activity is selectively in-
volved in protection from environmental oxidative in-
sult in vivo and that the DJ-1 protein is biochemi-
cally responsive to oxidative stress. Study of these
flies will provide insight into the critical interplay of
genetics and environment in PD.
Results
Mutation of DJ-1 Homologs in Drosophila
DJ-1 proteins are evolutionarily conserved throughout
organisms ranging from vertebrates to yeast and bac-*Correspondence: nbonini@sas.upenn.edu
6 These authors contributed equally to this work.teria [11] (Figure 1A). To identify Drosophila orthologs,
the protein sequence of human DJ-1 was used to query
known and predicted proteins in the Drosophila ge-
nome. From this search, two predicted proteins were
identified: CG6646 (DJ-1α) and CG1349 (DJ-1β), which
share similar identity with human DJ-1 (DJ-1α shares
56% identity, 70% similarity with the human protein;
DJ-1β shares 52% identity, 69% similarity) (Figure 1B).
Several key residues in human DJ-1 are conserved in
both fly proteins, including cysteine 106, which is modi-
fied in response to paraquat and hydrogen peroxide [7].
This analysis indicates that both fly DJ-1 orthologs are
well conserved with human and neither appears to be
significantly more closely related to the human protein
than the other.
In order to determine which gene was expressed in
the nervous system/brain, the expression pattern of the
Drosophila genes was defined. In adult flies, DJ-1β was
expressed at similar levels in both male and female
heads, brains, and bodies, while DJ-1α was expressed
at detectable levels only in males (Figure 1C). Further
analysis of DJ-1α expression by Western blot revealed
high expression in the testes (Figure 1C, see Figure S1
in the Supplemental Data available with this article on-
line), although RT-PCR demonstrated that DJ-1α was
also detectable at low levels in the adult head (data
not shown). This analysis indicated that both genes are
expressed in the head, although DJ-1β more so than
DJ-1α, suggesting that both may play a role in the adult
brain. Therefore, both genes were targeted for deletion.
To generate microdeletions, P element insertions
were identified that mapped close to the fly DJ-1
genes. EY02281 is inserted 313 bp from the 3# end of
the predicted DJ-1α mRNA, and EP3700 is inserted 668
bp downstream of the 3# end of the DJ-1β mRNA se-
quence. We exposed these lines to transposase, and
we selected lines that lacked the dominant w+ marker
associated with the P element insertions and were can-
didates for deletions extending into the DJ-1 genes.
PCR was then performed with primers spanning the
genes to identify lines that produced an amplification
product that was smaller than expected, thus bearing
a microdeletion. Several such lines were identified and
the breakpoints were defined by sequence analysis.
The coding sequences of DJ-1α or DJ-1β are com-
pletely deleted in DJ-1α72, DJ-1α52, DJ-1β93, and
DJ-1β154 (Figure 1D). Absence of DJ-1α and DJ-1β
transcript and protein was confirmed by Western and
Northern blots, indicating that these deletions repre-
sent null alleles (Figure 1C, Figure S1, and data not
shown). Subsequent rescue studies (below) confirmed
that these deletions are selectively compromised in
DJ-1 function.
Drosophila Lacking DJ-1 Activity Are Viable and
Have Normal Numbers of Dopaminergic Neurons
With deletion mutants in hand, we then determined
whether flies lacking DJ-1α or DJ-1β activity revealed
any overt phenotypes. Single deletion mutants were vi-
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1573Figure 1. Drosophila DJ-1 Microdeletions and Expression of Endogenous DJ-1α and DJ-1β
(A) An unrooted neighbor-joining phylogenetic tree of DJ-1 protein sequences. Numbers at the nodes indicate bootstrap values. NCBI acquisi-
tion numbers are indicated for each sequence, except for the presumptive zebrafish DJ-1 sequence, which was translated from the indicated
contig, and the D. pseudobscura sequence, translated from contig 3266_contig 6542 (http://www.hgsc.bcm.tmc.edu/).
(B) Alignment of the fly DJ-1 homologs (CG6646, CG1349) with human DJ-1 protein. C106 (red asterisk; modified upon H2O2 exposure [9]) is
noted. The DJ-1/PfpI domain is underlined in blue. DJ-1β has two presumptive start codons, and the protein resulting from the first start
codon is used in this alignment. However, the second start codon (which coincides with the second methionine in the protein sequence), has
a more favorable Kozak sequence.
(C) Western immunoblot using fly samples probed with Ab 15-48 (1:500), which recognizes both DJ-1α and DJ-1β. CS, Canton-S; Tg, trans-
genic overexpression line.
(D) Schematic representation of the DJ-1α and DJ-1β microdeletion lines. Both DJ-1α and DJ-1β have three exons (boxes) and two introns;
the coding sequences are represented in blue (boxes). Yellow triangles represent the location of the original P elements that were mobilized
to create the microdeletions. Surrounding genes are indicated; rescue analysis with fly DJ-1α and DJ-1β expression demonstrates the
specificity of the described phenotypes (see text and Figure 3).able, fertile, and displayed no preadult lethality or strik-
ing external phenotypes. Therefore, we generated a
double-knockout (DKO) line using the DJ-1α72 and DJ-
1β93 alleles, in the event that the flies were failing to
show a strong phenotype due to redundancy in gene
function. However, DKO flies were also viable and fer-
tile, with no preadult lethality or striking external pheno-
types, and they displayed a normal lifespan compared
to control flies (Figure 2A). These results are reminis-
cent of human DJ-1 mutations, as humans null for DJ-1
function are healthy except for acquiring parkinsonism
later in life [5]. We then determined whether dopa-
minergic (DA) neurons, one of the cell types most af-
fected in human PD patients, were present in normal
numbers in DKO flies, and whether there was degener-
ation of these neurons in aged flies. Whole-mount
immunostaining with antibodies to tyrosine hydrox-
ylase (TH) to highlight the well-characterized clusters
of DA neurons in the fly brain revealed no differences
in cell numbers compared to controls in young (1 day)
or aged (30 days) flies (Figures 2B–2D). Collectively, ourdata indicate that mutation of the DJ-1 homologs in
Drosophila is not deleterious under normal conditions.
Flies Mutant for DJ-1 Activity Are Strikingly
Sensitive to Agents that Induce Oxidative Stress
Given that flies mutant for DJ-1 activity appear grossly
normal, we then exposed DKO flies to compounds that
act through pathways implicated in inherited PD [1, 12],
as well as environmental toxins that are risk factors for
sporadic PD [2]. These include agents that induce the
unfolded protein response (β-mercaptoethanol, dithi-
othreitol), a compound that impairs proteasome func-
tion (MG132), and agents that induce oxidative stress
(hydrogen peroxide, paraquat, and rotenone). The dose
of chemical agent required to kill 50% (LD50) of DJ-1
mutant DKO flies was compared to the LD50 values of
age-matched control flies exposed to the same chemi-
cal agent.
This analysis revealed that DKO flies were strikingly
more sensitive to chemical agents that induce oxidative
stress than age-matched control flies; DKO flies showed
Current Biology
1574Figure 2. DKO Flies Have a Normal Lifespan
and a Full Complement of Dopaminergic
Neurons
(A) DKO flies and control flies have similar
lifespan.
(B) Dopaminergic neuron counts in DKO and
control flies at 30 days of age.
(C and D) TH-immunostaining (rabbit anti-TH
antibody) was performed on whole-mount
brains from 30-day-old control (C) and DKO
(D) flies, and clusters of neurons were
counted (data presented as mean ± SEM of
3–5 independent experiments). No differ-
ences in numbers of TH-positive cells were
detected between controls and DKO.a 10-fold or greater sensitivity to H2O2 and paraquat
and were much more sensitive to rotenone (Figure 3A,
Figure S2). In contrast, the DKO flies exhibited little or
no change in sensitivity to chemical agents that induce
the unfolded protein response or that impair protea-
some function (Figure 3A). This latter result demon-
strates that DKO flies are not generally more sensitive
to deleterious agents; rather, DKO flies are selectively
sensitive to agents that induce oxidative stress, includ-
ing the environmental toxins rotenone and paraquat.
Transgenic coexpression of DJ-1α and DJ-1β proteins
with the ubiquitous driver line Tub-GAL4 rescued the
selective chemical sensitivity, showing that the effect
results specifically from loss of DJ-1 function (Fig-
ure 3A).
To further define the role of the two fly DJ-1 genes,
we tested single DJ-1α and DJ-1β mutants for sensitiv-
ity to paraquat. This analysis indicated that while DJ-
1α mutants are similar to control flies, DJ-1β mutants
showed a striking sensitivity, similar to that of DKO flies
(Figure 3B). Therefore, the increased paraquat sensitiv-
ity appears derived largely from loss of DJ-1β function,
which shows strong expression in the fly brain and
body. DJ-1α, which is largely limited in expression to
the testes, appears to play a lesser role in the context
of DJ-1β genomic deletion. To determine functional re-
dundancy of the proteins, we tested their ability to res-
cue the chemical sensitivity of the DKO. Using the ubiq-
uitous driver line Tub-GAL4, we directed expression of
either DJ-1α or DJ-1β in the DKO background. The
chemical sensitivity was fully rescued by expression of
either protein (Figure 3C). These results indicate that
the phenotype of the DKO is due to loss of DJ-1 func-
tion, largely from deletion of DJ-1β, and that the two fly
proteins have similar antioxidant function.
DJ-1 Is Modified upon Oxidative Stress
Given that fly DJ-1 proteins are functionally conserved
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iin their ability to protect against oxidative stress, weetermined whether the fly proteins responded to oxi-
ative stress by undergoing biochemical modification.
e focused our analysis on DJ-1β, due to its high ex-
ression level in the nervous system. After exposure to
araquat, flies were homogenized and samples were
nalyzed by immunoblot analysis under denaturing and
ative gel conditions. SDS-PAGE revealed a modifica-
ion of DJ-1β to a more slowly migrating form upon ex-
osure to paraquat in whole flies, as well as heads (Fig-
re 3D and data not shown). When samples were
nalyzed by isoelectric focusing gel analysis (IEF), DJ-
β also shifted toward more acidic species in response
o paraquat (Figure 3E). Phosphatase treatment re-
ealed that the modification was unlikely to be phos-
horylation. The shift in isoelectric point of DJ-1β upon
xidative stress is reminiscent to that observed with
uman DJ-1 in cultured cells [3, 4, 7]. However, DJ-1β
lso displays a novel response to paraquat with the ap-
earance of a slower migrating form by SDS-PAGE,
hich has not been previously described for the human
rotein. Modification of DJ-1β protein in response to
araquat also occurred in Drosophila S2 cells in cul-
ure; further, DJ-1β was modified in S2 cells in response
o H2O2 and rotenone (data not shown). These bio-
hemical modifications were selectively observed upon
xposure to the toxins to which DKO flies were more
ensitive (paraquat, rotenone, H2O2), but did not occur
pon exposure to toxins that act through different
echanisms (DTT, BME) and to which DKO flies have
imilar sensitivity as control flies (see Figure 3, and data
ot shown).
iscussion
o investigate the role of DJ-1 in parkinsonism, we have
enerated a model for DJ-1 loss of function in Drosoph-
la by generating flies fully deleted for the two fly or-
thologs of DJ-1 (DJ-1α and DJ-1β). Many genetic path-
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1575Figure 3. DKO Flies Are Selectively Sensitive to Toxins that Induce Oxidative Stress
(A) The LD50 for DKO flies compared to controls upon exposure to a variety of agents. DKO flies have similar sensitivity as normal flies to
BME (β-mercaptoethanol), DTT (dithiothrietol), and MG132 (a proteasome inhibitor). However, DKO flies are w10–16 times more sensitive to
paraquat and H2O2. The sensitivity of DKO flies to paraquat and H2O2 is rescued by coexpression of DJ-1α and DJ-1β with the ubiquitous
driver, Tub-GAL4. Data are presented as mean ± SEM (*p < 0.05, Student’s t test).
(B) DJ-1β activity appears largely responsible for paraquat sensitivity of DKO flies. Survival curve of DKO, single-deletion mutants, and control
flies exposed to 20 mM paraquat. Whereas DJ-1α KO (knockouts) show sensitivity similar to that of normal flies, DJ-1β mutants show
sensitivity similar to that of the DKO. Standard deviation bars are included. Differences in survival between DKO and control are statistically
significant (Student’s t test, p < 0.05) for all values 16 hr and longer. Differences in survival between DJ-1α KO and control or between DJ-1β
KO and DKO are not statistically significant for any of the time points.
(C) The sensitivity of DKO flies to paraquat is rescued by expression of either DJ-1α or DJ-1β with Tub-GAL4. Data presented as mean ±
SEM (*p < 0.05, Student’s t test).
(D and E) The DJ-1β protein is modified in response to oxidative stress. (D) Western immunoblot of samples from flies exposed to placebo
(−) or 1 mM paraquat (+) for 7–10 days. Black arrow and red arrow indicate unmodified and modified DJ-1β, respectively. The DJ-1β modified
band reacts selectively with antibodies directed to DJ-1β protein (PA636 Ab). Tubulin immunoreactivity is included as a loading control. The
asterisk marks a background band that is unaltered, emphasizing the selective response of DJ-1β to oxidation.
(E) DJ-1β immunoblot of samples separated by isoelectric focusing from wild-type flies exposed to either placebo (−) or 1 mM paraquat (+)
for 7–10 days. The isoelectric point of the most basic and acidic species are indicated.ways are conserved in flies and humans, including
those that influence neurodegenerative disease pheno-
types, and flies are well-suited for rapid and genome-
wide approaches capable of identifying factors relevant
to human disease mechanisms [13, 14]. Our studies
show that flies null for DJ-1 function are viable and fer-
tile, with a normal lifespan. However, these flies have a
striking selective sensitivity to environmental toxins,
such as paraquat and rotenone, that are linked epide-
miologically to sporadic PD in humans (see Figure 3
and Figure S2) [2, 15–19]. These agents act as oxidative
stressors, either by inhibition of mitochondrial complex
I activity (rotenone) or by generation of free radicals
(paraquat) [2]. In contrast to their vulnerability in re-
sponse to oxidative stress toxins, flies lacking DJ-1 ac-
tivity show the same sensitivity as control flies to other
deleterious agents acting through pathways involved inPD, including protein misfolding and proteasomal dys-
function. Our results underscore the striking specificity
of the consequence of DJ-1 loss of function and pro-
vide the foundation for additional in vivo mechanistic
studies of DJ-1 action that may provide insight into hu-
man disease.
Studies in transgenic mice, primary culture, and em-
bryonic stem cells indicate that loss of DJ-1 function
causes some vulnerability of neurons, including DA
neurons, to oxidative insults [6–8, 10, 20]. In our care-
fully controlled studies using inbred isogenic lines, we
were unable to detect an effect on TH immunostaining
in normal or DKO flies exposed to paraquat, rotenone,
or H2O2 (see Figure 2 and Figure S3). One report sug-
gests an effect of toxins on DA neuronal numbers in
normal flies [21]; the differences with our studies may
be due to differences in genetic backgrounds that af-
Current Biology
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of DKO flies may represent acute exposure to toxins
and suggests that cells lacking DJ-1 function are selec-
tively sensitive to oxidative stress-inducing agents. Al-
though Drosophila has two DJ-1 homologs, the more
widely expressed DJ-1β (CG1349) appears largely re-
sponsible for toxin sensitivity of the animal in the con-
text of DJ-1α deletion. Both fly proteins are active,
however, as shown by rescue of the sensitivity of the
DKO by either DJ-1α or DJ-1β (see Figure 3C). These
data indicate that, despite the divergence of sequence
between these two orthologs (which are about as sim-
ilar to each other as they are to the human protein),
both retain full antioxidant functionality in vivo.
In a complementary study by Menzies and col-
leagues appearing in this issue of Current Biology [22],
they find that DJ-1α can compensate for DJ-1β reduc-
tion in function under select conditions of oxidative
stress. Our alleles are microdeletions and thus repre-
sent genetic nulls, where all DJ-1 function has been
removed. Most of our studies are performed in the DKO
situation, with flies null for all DJ-1 activity, revealing
the phenotype upon loss of DJ-1 function contributed
by either DJ-1α or DJ-1β. In contrast, the alleles of
Menzies et al. [22] are insertional mutations that retain
genomic regulatory elements and transcripts; such al-
leles may be revealing interactions between the fly DJ-
1α and DJ-1β orthologs under select conditions. Our
studies and those of Menzies et al. are complementary
in together uncovering the effects of both complete
functional loss of DJ-1 activity as well as potential in-
teractions between the two diverged orthologs of hu-
man DJ-1 in the fly.
The human DJ-1 protein responds to oxidative insult
by shifting to a more acidic species [3, 4] through the
modification of cysteine 106 to cysteine-sulfinic acid
[7, 9]. This modification, and potentially that of other
cysteine residues, may have functional consequence to
the activity of the protein in protection from oxidative
stress [7, 8, 23]. Fly DJ-1β also responds to oxidative
stress by displaying a shift toward more acidic species
(see Figures 3D and 3E). The modification occurs in
heads, indicating that DJ-1β becomes modified in the
brain upon systemic oxidative insult. These studies
provide the foundation to test the in vivo significance
of such modification of the protein, to address whether
such changes are required for functionality, stability,
and/or resistance to oxidative damage.
Both genetic and environmental risk factors are criti-
cal components of human PD [2, 24]. Several different
genes mutated in families with inherited PD have been
identified [25], and select environmental agents have
been determined to increase the risk of sporadic PD
[15, 16]. Although these two components, genetic and
environmental, may not always coincide in PD, it is
likely that environmental risk factors act through the
same pathways as some inherited PD genes. Our find-
ings implicate DJ-1 as an inherited PD gene whose loss
of function leads to selective vulnerability to environ-
mental toxins previously associated with sporadic PD
and underscore the critical impact of exposure to such
deleterious agents for onset of disease, depending on
genetic susceptibility. Further, our findings suggest a
potential therapeutic role for the upregulation of those
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Rame pathways that become compromised in familial
isease. Flies mutant for DJ-1 provide additional foun-
ation for an integrative study of genetic susceptibility
ogether with environmental influences, in order to es-
ablish the function and consequences of normal and
ltered activity of genes critical for neuronal integrity in
uman PD and potentially other situations of neuronal
egeneration.
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